We report soft x-ray spectra ͑5-18 nm͒ from a cryogenically cooled nitrogen gas jet irradiated by 28-fs-laser pulses at an intensity of ϳ7ϫ10 16 W/cm 2 . While the time-integrated spectrum obtained at room temperature showed exclusively transitions in N 4ϩ ions, spectral lines from N 5ϩ and N 6ϩ charge states appeared with cooling. Rapid, nonlinear increase of x-ray emission on lines from N 4ϩ , N 5ϩ , and N 6ϩ has been observed by lowering the preexpansion gas temperature.
We report soft x-ray spectra ͑5-18 nm͒ from a cryogenically cooled nitrogen gas jet irradiated by 28-fs-laser pulses at an intensity of ϳ7ϫ10 16 Recently, there is much interest to develop intense, tabletop, high-repetition rate, soft x-ray sources for emerging technologies and applications such as extreme ultraviolet ͑XUV͒ projection lithography and x-ray microscopy. While the x-ray emission from laser-produced plasma with solid targets can be intense enough due to the strong absorption ͑up to 80%͒ of laser energy in high density plasma, unfortunately there exists a serious problem of debris which damages the optics and prevents long operation. Gas jet ͑puff͒ targets are in principle debris-free but the x-ray conversion efficiency is extremely low. Atomic clusters present an intermediate state of matter between molecules and bulk solids. The near-solid density (ϳ10 22 cm Ϫ3 ) inside the cluster allows rapid heating of plasma via collisional processes ͑in-verse bremsstrahlung͒. This heating mechanism is absent in the case of common gas jet ͑typical density Ͻ10 19 cm Ϫ3 ) because the electron-ion collisions are not frequent on the time scale of the laser pulse. Since clusters are very efficient in absorbing laser energy, 1 x-ray conversion efficiency of laser-cluster interaction could be substantially increased. [2] [3] [4] At the same time the production of debris is significantly reduced because the target is gaseous. These particular advantages make cluster-plasma based x-ray sources highly attractive over solid and gas jet targets.
Clusters can be produced by adiabatic expansion of gas from high-pressure valve through a nozzle into vacuum. During the expansion gas becomes supersaturated and solid density droplets bonded by van der Waals forces can be formed. The size of clusters can be estimated with the help of the Hagena parameter: 5, 6 ⌫*ϭk
where p 0 is the backing pressure ͑mbar͒, T 0 is the preexpansion temperature of gas ͑K͒, d is the nozzle diameter ͑m͒, ␣ is the expansion angle, and k is the condensation constant of gas. The number of atoms per cluster scales as ⌫* 2.0Ϫ2.5
. It is clear from Eq. ͑1͒ that for a particular gas and given nozzle the only way to generate clusters is by applying high backing pressure and/or by decreasing the temperature. The use of a large nozzle (dϾ1 mm) should be avoided since it implies strong absorption of x rays by the cold gas surrounding hot plasma. In the case of light gases such as nitrogen (k ϭ528) cooling seems to be a proper way for cluster generation as the required pressure would be extremely high. Note that nitrogen is easily available, inexpensive and thus might be favorable for widespread ͑industrial͒ applications. To date, x-ray spectra from nitrogen clusters were measured exclusively at room temperature 7 while no experimental data using cryogenic target exist. In this communication we report a significant enhancement ͑up to 50 times͒ of soft x-ray emission from laser irradiated nitrogen clusters by cooling.
The experiment was performed with a femtosecond terawatt Ti:sapphire laser system delivering 28 fs pulses at a fundamental wavelength of 825 nm. The laser is based on chirped pulse amplification technique and has been described in detail elsewhere. 8, 9 The linearly polarized laser beam was focused into a cryogenically cooled gas jet of nitrogen with an fϭ45 cm spherical mirror, yielding the maximum peak intensity of about 7ϫ10 16 W/cm 2 . The prepulse to main pulse ratio better than 10 Ϫ5 was measured. The gas jet was produced by a solenoid-driven pulsed valve fitted with a 0.3 mm diameter circular nozzle. The laser illuminated the gas jet perpendicularly with respect to the flow of the gas and the laser focus was placed at 0.2 mm above the nozzle tip. The target material ͑nitrogen͒ was cooled before expansion by passing through a reservoir filled with cold nitrogen gas which was forced under pressure from a separate liquid nitrogen bath. Using this arrangement gas could be gradually cooled from the room temperature down to about Ϫ110°C. However, for temperatures around Ϫ100°C we have observed drop of backing pressure in the valve indicating that liquid droplets rather than clusters have been formed under these conditions. The valve was operated at a backing pressure of 15 bar and a repetition rate of 10 Hz. The time-integrated soft x-ray emission was measured by means of a flat-field XUV spectrometer 10 coupled to a backilluminated x-ray charge-coupled device ͑CCD; Ropper Scientific͒. The spectrometer is space resolving and utilizes a varied line-spacing concave grating with 1200 lines/mm in combination with gold coated toroidal mirror to compensate an astigmatism. The spectral resolution was ϳ0.02 nm and the spectrometer was positioned to view the plasma perpendicularly with respect to the driving laser. Figure 1͑a͒ shows a typical spectrum of nitrogen dominated by spectral lines of N 4ϩ ͑Li like͒, which was obtained at the room temperature of 23°C. The measured signal was accumulated over ten laser shots. The applied laser intensity of about 7ϫ10 16 W/cm 2 was sufficient to strip neutral atoms up to N 5ϩ ions ͑He like͒ by the optical-field ionization 11 ͑OFI͒ since the threshold intensity to produce N 5ϩ via OFI is ϳ3ϫ10 16 W/cm 2 . Considering the linear polarization of the driving laser we evaluated the plasma average electron temperature 12 of ϳ26 eV. Such a cold OFI plasma is dominated by three-body recombination processes feeding electrons into the upper excited levels of the next lower ionization state N 4ϩ . Therefore the spectrum in Fig. 1͑a͒ exhibits mainly lines belonging to transitions in N 4ϩ . By contrast, Fig. 1͑b͒ obtained at Ϫ85°C shows a very different spectrum. The overall signal level in x-ray spectrum significantly increased and the spectral distribution has changed in a way that the lines belonging to N 5ϩ and N 6ϩ ͑H like͒ appeared in the spectrum. Figure 2 shows spectrum obtained at Ϫ85°C in the region of shorter wavelengths ͑5-12 nm͒. In this case the signal was accumulated over 100 shots. Note that the threshold intensity to produce N 6ϩ ions by OFI is ϳ8 ϫ10 18 W/cm 2 , which is about two orders of magnitude higher than in our experiment. The generation of highly charged ions indicates that high electron temperature was achieved and the plasma parameters were fairly different from the previous case of cold recombining OFI plasma ͓Fig. 1͑a͔͒. The change in x-ray spectrum presents a clear evidence of collisional processes in near-solid-density nitrogen clusters.
The dependency of x-ray line emission on cluster size has been investigated by lowering the preexpansion gas temperature. Figure 3 at 17.39 nm, and 2s-3p/2p-3d of N 6ϩ at 13.38 nm, as a function of temperature for fixed backing pressure of 15 bar. The x-ray yield on all three lines exponentially increases with cooling, and finally saturates. From the experimental data we inferred that the emission on the N 4ϩ line reaches the intensity plateau around Ϫ85°C being ϳ50 times stronger than that at the room temperature. Note that all N 4ϩ lines in the spectrum show similar behavior. A remarkable feature in Fig. 3 is the stepwise appearance of subsequent charge states. At the room temperature the highest charge state observed in the spectrum was N 4ϩ , however, as the temperature was lowered down to Ϫ25°C, lines belonging to the next higher stage N 5ϩ appeared, and finally the N 6ϩ line showed up around Ϫ50°C. The data in Fig. 3 describe gradual transformation of target medium from pure gas to clusters which grow in size with decreasing temperature. Spatially resolved spectra obtained at low temperatures revealed that the size of plasma increased as well. Although we did not measure the size of clusters in this experiment, by comparing the Hagena parameter for our conditions with previous data 4 based on Rayleigh scattering measurement we estimate that the largest nitrogen cluster ͑at Ϫ85°C) consisted of about 500 atoms (Ϯ50%). Figure 4 compares the Hagena parameter for nitrogen with that of Ar (kϭ1650) and Ne (kϭ185). Based on earlier observations 13 the very first changes in x-ray spectrum can be attributed to the interaction with clusters composed of a few tens of atoms which are undetectable by the Rayleigh scattering technique. This experimental finding supports the idea 14 that collisional processes are crucial even for such small-sized clusters. At the other end, below temperature of Ϫ95°C the visual appearance of plasma changed to a very bright, white spot, and irregular fluctuations of this light emission were observed. Apparently, the laser pulse interacted with liquid droplets instead of gaseous clusters in this case, and thus no further increase of x-ray emission could be achieved.
In fact, these results are very similar to the previous data on Ar clusters 4 and can be well explained using the hydrodynamic ͑nanoplasma͒ model. 15 While at the room temperature the target consists of purely molecular gas, by decreasing the preexpansion temperature nitrogen clusters are formed in the jet which grow with further cooling. The high local density within the cluster makes the collisional ionization dominant process and leads to production of highly charged states. Enhanced collisional heating via inverse bremsstrahlung results in the generation of highly ionized hot plasma which undergoes expansion followed by intense x-ray emission from an underdense plasma.
In summary, we have shown that soft x-ray emission from a cryogenically cooled nitrogen jet irradiated by intense, ultrashort laser pulse exhibits features characteristic for highly ionized, dense cluster plasma dominated by collisions, which is very different from the plasma produced by OFI in a low-density molecular nitrogen gas. We have observed a nonlinear increase of soft x-ray emission on lines from N 4ϩ , N 5ϩ , and N 6ϩ charge states and attributed this phenomenon to efficient collisional heating of growing nitrogen clusters.
